We show that a high-scale leptogenesis can be consistent with a low-scale one-loop neutrino mass generation. Our models are based on the SU (3) c ×SU (2) L ×U (1) Y ×U (1) B−L gauge groups. Except a complex singlet scalar for the U (1) B−L symmetry breaking, the other new scalars and fermions (one scalar doublet, two or more real scalar singlets/triplets and three right-handed neutrinos) are odd under an unbroken Z 2 discrete symmetry. The real scalar decays can produce an asymmetry stored in the new scalar doublet which subsequently decays into the standard model lepton doublets and the right-handed neutrinos. The lepton asymmetry in the standard model leptons then can be partially converted to a baryon asymmetry by the sphaleron processes. By integrating out the heavy scalar singlets/triplets, we can realize an effective theory to radiatively generate the small neutrino masses at the TeV scale. Furthermore, the lightest right-handed neutrino can serve as a dark matter candidate.
I. INTRODUCTION
The phenomena of neutrino oscillations established by terrestrial experiments have indicated that three flavors of neutrinos should be massive and mixed [1] . This fact implies we need new physics beyond the standard model (SM) where the neutrinos are massless. On the other hand, cosmological observations have stringently constrained the neutrino masses should be extremely small [1] . Currently the seesaw [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] extensions of the SM have become one of the most attractive schemes to generate the tiny neutrino masses because they can also accommodate a leptogenesis [13] mechanism to explain the baryon asymmetry in the universe.
In the usual seesaw models, some new particles with lepton-number-violating interactions can naturally suppress the neutrino masses by their heavy masses, meanwhile, the decays of these heavy particles can produce a lepton asymmetry to account for the cosmic baryon asymmetry in association with the sphaleron processes [14] . Clearly, the leptogenesis [13, and the neutrino mass generation have a same scale.
There is another possibility that the neutrino mass generation and the leptogenesis can work at different scales. This scenario has been realized in a tree-level double type-II seesaw model [37] and a three-loop neutrino mass model [38] . Similarly we even can construct the models for a high-scale baryogenesis and a low-scale neutron-antineutron oscillation [39] .
In this paper we shall connect a high-scale leptogenesis to a low-scale one-loop neutrino mass generation. In our models, which are based on an
B−L gauge symmetry and a Z 2 discrete symmetry, the decays of some Z 2 -odd real scalar singlets/triplets can produce an asymmetry stored in a Z 2 - * Electronic address: einsteinzh@sjtu.edu.cn † Electronic address: peihong.gu@sjtu.edu.cn odd scalar doublet. Subsequently, the Z 2 -odd scalar doublet can decay into the SM lepton doublets and three Z 2 -odd right-handed neutrinos. Thanks to the sphaleron processes, the lepton asymmetry in the SM leptons can be partially converted to a baryon asymmetry. In this leptogenesis scenario, the U (1) B−L symmetry should be spontaneously broken at a scale below the mass of the Z 2 -odd scalar doublet. Otherwise, the produced asymmetry in the Z 2 -odd scalar doublet will be washed out before its conversion to the lepton asymmetry. By integrating out the heavy scalar singlets/triplets, an effective theory can be available for generating the radiative Majorana neutrino masses at the TeV scale. Furthermore, the lightest Z 2 -odd right-handed neutrino can be a dark matter candidate.
II. THE MODEL
We define the non-SM fermions and scalars as below,
Here and thereafter the brackets following the fields describe the transformations under the
Our models also contain a Z 2 discrete symmetry under which only the fields N R , χ/Σ and η are odd while the other fields are even, i.e.
(N R , χ/Σ, η)
In addition, we introduce a global symmetry U (1) G under which the fields N R , η and ξ respectively carry the numbers −1, +1, and +2, while the other fields are trivial. We require the Z 2 symmetry to be exactly conserved, while the U (1) G symmetry to be softly broken. The Z 2 symmetry will not be broken at any scales and hence the Z 2 -odd scalars χ/Σ and η will not develop any nonzero vacuum expectation values (VEVs). This Z 2 symmetry will also forbid the gauge-invariant Yukawa couplings of the Z 2 -odd right-handed neutrinos N R to the SM lepton and Higgs doublets. In this sense, we will refer to these Z 2 -odd fields as the inert fermion singlets, the inert Higgs singlets/triplets and the inert Higgs doublet, respectively.
With all the considerations stated, our models can be classified in the following ways:
We would like to emphasize that because of the softly broken U (1) G symmetry, the following quartic term between the SM and inert Higgs doublets is absent from Lagrangians (3-5) [87] , i.e.
III. NEUTRINO MASS AND DARK MATTER
If the inert Higgs doublet η and the inert fermion singlets N R are much lighter than the inert Higgs singlets/triplets χ/Σ, we can integrate out the heavy χ/Σ to induce the following effective quartic coupling between the inert Higgs doublet η and the SM Higgs doublet φ, i.e.
In this effective theory, our models can become the Ma model [46] after the Higgs singlet ξ develops its VEV ξ 2 TeV [99, 100] for spontaneously breaking the U (1) B−L symmetry and then the inert fermion singlets obtain their Majorana masses.
Without loss of generality and for convenience, we can choose the basis where the Majorana mass matrix of the inert fermion singlets N R is real and diagonal, i.e.
Accordingly we can define the Majorana fermions as below,
A. Neutrino mass
As shown in Fig. 1 , the neutrinos can obtain a Majorana mass term at one-loop level,
The radiative neutrino masses have been given by [46] ,
Here 
This guarantees the neutrino mass (12) can arrive at a nonzero value. The radiative neutrino mass (12) can be simplified in some limiting cases. For example, we read
It is easy to see the above neutrino masses can be highly suppressed by a small effective coupling
The one-loop neutrino mass generation.
inert fermion singlets and the inert Higgs doublet are at the TeV scale while their Yukawa couplings with the SM lepton doublets are sizable. For example, we read
We will show later such small λ ef f is inspired by a successful leptogenesis.
B. Dark matter
As shown in the following section, the inert Higgs doublet η should be heavier than the inert fermion singlets N R for our leptogenesis. It is well known that the lightest one of the inert fermion singlets in the Ma model can keep stable to serve as a dark matter particle. Specifically, in the Ma model, this dark matter particle can annihilate into the SM lepton doublets through the mediation of the inert Higgs doublet. To give a right dark matter relic density, the inert Higgs doublet can not be heavier than 350 GeV or so as the Yukawa couplings y N are in the perturbative regime, i.e. y N 1 [47] . In the present models, the dark matter relic density may be dominated by the annihilation of the lightest inert fermion into the SM species through the s-channel exchange of the U (1) B−L Higgs boson [101] . We hence can relax the constraints on the related masses and couplings.
IV. LEPTOGENESIS
In the Ma model [46] , we can realize a leptogenesis through the CP-violating decays of the inert fermion singlets into the inert Higgs doublets and the SM lepton doublets if these inert fermions are heavy enough. In this leptogenesis scenario, although the inert fermion singlets are allowed at the TeV scale, their Yukawa couplings should be very small for departure from equilibrium. Therefore, it seems difficult for the Ma model to simultaneously offer a successful leptogenesis and a testable neutrino mass generation.
The present models provide another possibility from the decays of the inert Higgs singlets/triplets into the inert Higgs doublets and the SM Higgs doublet. The produced asymmetry stored in the inert Higgs doublet will eventually turn into a lepton asymmetry stored in the SM leptons after the inert Higgs doublet decays into the SM lepton doublets and the inert fermion singlets. The lepton asymmetry in the SM lepton doublets can survive and hence participate in the sphaleron processes if the spontaneous U (1) B−L symmetry breaking scale is not above the inert Higgs doublet mass. We will focus on this leptogenesis scenario and illustrate its main aspects in the following.
A. The inert Higgs singlets/triplets decays
The decays of the inert Higgs singlets and/or triplets are shown in Figs. 2, 3 and 4. We first calculate the decay width at tree level,
In the above and following formula the field S i denotes an inert Higgs singlet χ i or an inert Higgs triplet Σ i . We then compute the CP asymmetries in the decays of the inert Higgs singlets and/or triplets. At one-loop
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level, we can obtain these CP asymmetries,
If the decaying inert Higgs singlets/triplets S i are much lighter than the mediating ones S j , the above CP asymmetries can be simplified to be
Note the relative CP phases between the parameters ρ S i and ρ Sj can not be absorbed by any field redefinitions as long as the models contain two or more inert Higgs singlets/triplets. So, the CP asymmetries (17) and (18) 
The decays of the inert Higgs singlets and triplets at one-loop level.
can always obtain a nonzero value. As an example, we will simply consider two inert Higgs singlets/triplets with hierarchical masses in the following demonstrations. In this case, we can conveniently take
and then
B. The final baryon asymmetry
For the hierarchical spectrum M S 1 ≪ M S 2 , the final baryon asymmetry should be mostly produced by the decays of the lightest inert Higgs singlet/triplet S 1 . Instead of fully integrating the Boltzmann equations to determine the final baryon asymmetry, we shall adopt an instructive and reliable estimation. For this purpose, we define a useful parameter,
with H(T ) being the Hubble constant,
Here g * = 116 is the relativistic degrees of freedom during the leptogenesis epoch and M Pl = 1.22 × 10 19 GeV is the Planck mass.
In the weak washout region with K ≪ 1 1 , the final baryon asymmetry can well approximate to [102] 
Here n B and s, respectively, are the baryon number density and the entropy density, the number − 28 79 is the sphaleron lepton-to-baryon coefficient, while the factor C depends on the decaying inert Higgs singlet/triplet, i.e. C = 1 for S 1 = χ 1 or C = 3 for S 1 = Σ 1 .
C. The lepton-to-baryon conversion
We now analyze the chemical potentials [103] to discuss the details of the conversion between the lepton and baryon asymmetries. For this purpose, we denote µ q,d,u for the chemical potentials of the SM quarks q L (3, 2, + while µ l,e,φ,N,η,ξ for the chemical potentials of the SM leptons and Higgs scalar l L , e R , φ as well as the non-SM fields N R , η, ξ. We further assume the U (1) B−L symmetry will be spontaneously broken at a scale below the inert Higgs doublet mass but before the electroweak symmetry breaking. This choice can escape from the potentially experimental constraints if the U (1) B−L gauge coupling g B−L is small enough. We then can consider the chemical potentials in three phases,
• phase-1 during the inert Higgs singlets/triplets decays and the inert Higgs doublet decays,
• phase-2 during the inert Higgs doublet decays and the U (1) B−L symmetry breaking,
• phase-3 during the U (1) B−L symmetry breaking and the electroweak symmetry breaking.
In phase-1, the SM Yukawa interactions are in equilibrium and hence yield [103] ,
the fast sphalerons constrain [103] ,
while the neutral hypercharge in the universe requires,
In addition, the non-SM Yukawa interactions in Eqs. (3) (4) (5) are also in equilibrium. This means −µ l + µ N + µ η = 0 , µ ξ + 2µ N = 0 .
in Eqs. (16), (18), (21) and (23), we read ε χ 1 = 0.032 , K = 0.0054 ,
and then obtain the baryon asymmetry, η B = 10 −10 .
V. SUMMARY
In this paper we have demonstrated that a high-scale leptogenesis can be consistent with a low-scale one-loop neutrino mass generation. In our models, the decays of some heavy inert Higgs singlets/triplets can produce an asymmetry stored in an inert Higgs doublet. Subsequently, the inert Higgs doublet can decay into the SM lepton doublets and the inert fermion singlets. Thanks to the sphaleron processes, the lepton asymmetry in the SM leptons can be partially converted to a baryon asymmetry. In this leptogenesis scenario, a U (1) B−L gauge symmetry should be spontaneously broken at a scale below the mass of inert Higgs doublet. Otherwise, the produced inert Higgs doublet asymmetry will be washed out before its conversion to the lepton asymmetry. By integrating out the Higgs singlets/triplets, we can obtain an effective theory to radiatively generate the neutrino masses at the TeV scale. Furthermore, the lightest inert fermion singlet can keep stable to act as a dark matter particle.
